High-sensitivity methods for detection and speciation of complexed transuranium ions in synthetic basalt groundwater, and simplified analogs, are being developed which exploit advances in pulsed laser technology. The first demonstration of high sensitivity detection of a transuranium ion at temperatures significantly above ambient is reported using laser photoacoustic spectroscopy (LPAS). The existence of enhanced LPAS signal amplitudes with increasing temperature in aqueous solution is confirmed in LPAS spectra recorded at 30°C, 60°C and 90°C using micromolar concentrations of Am 3+ . A detection sensitivity of 8.5 parts per trillion (weight basis) of 144 Cm 3 + in a synthetic basalt groundwater at 22°C has been achieved using laser-induced fluorescence spectroscopy (LIF). This corresponds to 1 X 10* Cm 3 + ions in the laser beam. The detailed spectroscopic information obtained by this method points to the existence of previously unobserved Cm 3 + species. A brief assessment of the applicability and sensitivity of LPAS and LIF methods for speciating transuranium ions in near-neutral pH aqueous solution, such as the groundwater expected in a basalt nuclear waste repository, is presented.
Introduction
Studies of transuranium ions in synthetic basalt groundwater, or simplified analogs thereof, have been carried out using the complementary techniques of pulsed laser photoacoustic spectroscopy (LPAS) and laser-induced fluorescence spectroscopy (LIF). These studies have been undertaken to support the Basalt Waste Isolation Project of the U.S. Department of Energy and to further fundamental understanding of the chemical and physical behavior of transuranic ions in aqueous solution. The suitability of these techniques for the speciation of trace level complexed radionuclide ions in solutions typical of those expected in a basalt repository is being investigated. The expected groundwater is essentially a dilute (circa 0.01 M) NaCl solution with lesser, but potentially significant, amounts of carbonate, fluoride, and sulfate as complexing anions as well as other cations such as Ca 2 + . The composition of a representative synthetic basalt groundwater, designated GR-4, has been reported by DOXTADER et al. [1] . The solution conditions expected to be encountered in a basalt repository during the controlled release period include pH values from 6 to 10 (reducing conditions) and temperatures of 50°C to in excess of 150°C.
This work builds on the LPAS studies carried out by PATEL and ΤΑΜ [2] who first demonstrated high LPAS sensitivity in aqueous solution using microsecond excitation [3] and on actinide LPAS studies carried out by KIM and coworkers [4, 5, 6, 7] who demonstrated high LPAS sensitivity at ambient temperature using nanosecond excitation. A significant advance reported here is achievement of high LPAS sensitivity at 90°C in carrying out speciation studies of Am 3+ in a carbonate solution. While the majority of actinide species likely to occur in groundwater in a nuclear waste repository site are expected to be nearly nonluminescent and, therefore, poor candidates for detection via LIF, LIF has the potential to be a more sensitive method than LPAS for detection and speciation of complexes of uranyl, Cm 3+ and, possibly, Am 3+ .
The work we report here shows that LIF is the better method for detection and speciation of Cm 3 + .
Speciation of actinide elements and their complexes in synthetic groundwater via LPAS or LIF relies on the characteristic f-f absorption bands of actinide ions.
CARNALL [8] and CARNALLand CROSSWHITE [9] have reviewed actinide ion spectroscopy and NEWTON and SULLIVAN [10] have reviewed the properties of actinide carbonato complexes including their spectra. The f-f bands of actinides typically are narrow but weak and, in most cases, are altered in position and shape on complexation. Pulsed LPAS relies on nonradiative decay of the initially excited electronic state (and all lower-lying electronic states coupled to it) to be fast compared to the acoustic transit time across the laser beam cross-section in the sample cell. In some cases, notably uranyl and Cm 3+ , nonradiative decay can be sufficiently slow that not all the absorbed laser light is converted into thermal motion of the solvent in a time that is short compared to the acoustic transit time. In such cases, LIF detection provides extremely high detection sensitivity and so complements LPAS studies. ΒΕΓΓΖ and HESSLER [11] have reviewed likely actinide detection limits using LIF. The general field of the identification of oxidation states of ultra-trace elements by radiation detection was recently reviewed by GUILLAUMONT, CHEVALUER , and ADLOFF [12] .
Experimental apparatus and methods
The LPAS apparatus used in this work has been described previously [1] . Briefly, a pulsed dye laser (Lambda Physik FL 3002 dye laser pumped by an EMG 201 MSC 308 nm XeCl excimer laser equipped with unstable resonator optics) is used as an excitation source. Its beam impinges on a sample solution contained in a thermostated quartz sample cuvette. A piezoelectric transducer (PZT) in acoustic contact with the sample cell is used to measure the amplitude of the resulting acoustic wave. A 1-cm diameter by 61-cm long quartz rod provides both acoustic contact and thermal isolation between the sample cell and the PZT. The output of the PZT, after preamplification (Analog Devices 50Κ operational amplifier) and highand low pass filtering, is fed to a differential amplifier (Tektronix AM502) connected to a boxcar integrator (Stanford Research Systems SR250). The gate of the boxcar is centered on one of the first maxima in the PZT response waveform and the boxcar is used to signal average the PZT response for a few laser puses to several thousand laser pulses. The dye laser energy is simultaneously recorded using a second boxcar. The outputs of both boxcars are digitized (Stanford Research Systems SR245, 13 bit resolution) and recorded on a computer. The PZT response is divided by the laser energy value to obtain a normalized PZT response. The reported LPAS spectra are the result of subtracting out the normalized response from a solution containing only 1.00 M Na 2 COî from the normalized PZT response from Am 3 + in 1.00 M Na 2 CC>3 solutions. The dye laser energy used (typically 3-mJ/pulse) was below that at which saturation of the normalized PZT response was observed in Am 3 + solutions.
Sample solutions were prepared using analytical reagent-grade inorganic chemicals and triply distilled water [13] . The 241 Am used in this work was radiochemically characterized so that it could be assayed using liquid scintillation counting. All carbonate-containing solutions were stored in preconditioned polypropylene bottles. A stock solution of LOOM Na 2 C0 3 was prepared and used for preparation of Am-containing solutions. An aliquot of a stock solution of 241 Am in nitric acid was taken to dryness by gentle heating and the required amount of sodium carbonate stock added to it to create a solution of 1 χ ΙΟ" 3 M (nominal) Am 3+ concentration. This Am in 1.00M Na 2 CC>3 stock solution, together with the 1.00M Na 2 C0 3 stock solution, were used to prepare more dilute solutions.
The Am content of the resulting solutions were measured by liquid scintillation counting both before and after filtration through an 0.2 micrometer Microgon DynaGard syringe filter. Tests based on building histograms from observed LPAS response for each laser shot identified the Microgon DynaGard filter as superior to other syringe filters tested in minimizing interference from suspended particulate matter. The filtrate was used to fill highquality quartz fluorimeter cells (1 χ 1 cm Hellma QS) equipped with quartz tubulation. The tubulation was sealed using a molded fluorocarbon fitting (Galtek SU8MN). This provided a seal that, on nonradioactive test cells, was found to be vacuum leak tight (leak rate less than 1 χ IO" 9 The apparatus used for fluorescence excitation is similar to one used previously for LIF studies of aquo An 3 + ions [14, 15] . Currently, f/1 light collection is used and the fluorescence light is analyzed using a circular variable interference filter (CVF) driven by a stepper motor. The CVF, an OCLI model VC 180-017, provides circa 2% wavelength resolution. Fluorescence light is detected using an uncooled photomultiplier with a gallium arsenide photocathode (RCA 31034). A series of low fluorescence optical filters (Schott KV series) together with a potassium Chromate solution filter minimized the effect of Rayleigh and Raman scattered laser light. The amplitude of the initial spike due to the remaining scattered light was reduced using diode clipping. A transient digitizer (LeCroy TR8818) under the control of a DEC 11 /23+ minicomputer was used to measure fluorescence lifetimes. Fluorescence excitation and emission spectra were recorded using a gated boxcar integrator and a second boxcar was used to monitor dye laser energy. The boxcar outputs were digitized and stored on a computer. The fluorescence excitation spectra shown are the result of dividing the phototube signal by the laser power. Each point in the excitation spectra was divided by the corresponding laser wavelength to correct for having monitored laser energy (joules of light) instead of the number of incident photons. The sample temperature was 22 +/-1 °C.
Laser photoacoustic spectroscopy studies of Am in carbonate solution
Primary emphasis in our LPAS studies has been on establishing the sensitivity of the technique for speciating actinides at temperatures significantly above ambient. This work has emphasized studies of Am 3 + since it has a favorable absorption band [16] near the minimum absorbance wavelength of water. Am 3+ also has a J=0 ground state, and its next higher-lying state, is a J = 1 state at about 2200 cm -1 [17] . Due to the comparatively simple energy level structure of Am 3+ , little change is expected in the f-f absorption spectra of its complexes with temperature although the relative amounts of each complex will, in general, be a function of temperature.
Studies were carried out primarily in 1.00 M Na 2 CO3 to minimize changes in Am speciation with temperature and to enable a wide range of Am concentrations to be studied. Figure 1 shows a comparison of LPAS absorption spectra recorded using 2.5 χ IO" 6 M Am 3+ in 1.00M Na 2 C0 3 at sample temperatures of 30°C, 60°C, and 90°C. As expected, there is little change in the band shape. There is, however, a distinct overall increase in PZT response per unit incident laser energy. An enhancement of LPAS signal size per unit incident laser energy with increasing temperature in aqueous solution is expected from the LPAS theory of NELSON and PATEL [18] , Their theory predicts the following relationship:
where V a is the output voltage of the acoustic transducer, AT is a constant for a given apparatus, Β is the isobaric compressibility of water, ν is the velocity of sound in water, E is the laser effective pulse energy, a is the absorption coefficient of the solution at the laser wavelength, and Cp is the isobaric heat capacity per gram of solution. The above equation is expected to hold for a laser beam diameter of a few millimeters, a transducer response time comparable to the acoustic transit time, and a weakly absorbing sample solution. All of these conditions are met in our experiments. Using literature values fori? [19] , ν [20] and C p [21] in eqn. 1 results in the expectation that at constant Ea (i.e., per unit absorbed laser energy), the LPAS enhancement relative to 30°C will be 1.77 at 60°C and 2.34 at 90°C. The observed enhancement of the 507.6-nm peak of Am 3+ in 1.00M Na 2 C0 3 shown in Figure 1 , relative to 30°C, is 1.21 at 60°C and 1.46 at 90°C. The observed enhancement of the 507.6 nm band of Am 3+ , based on band areas relative to the 30°C spectrum, is 1.29 at 60°C and 1.66 at 90°C. Comparing enhancements based on peak height versus peak area confirms that there is only a small change in band shape.
The precise reason for the difference between the observed enhancements relative to those expected from theory is not understood at present. In similar temperature dependent LPAS studies of Ho 3 + in HCIO4 in the 470-nm to 490-nm region, we observed different enhance- ments for different Ho 3 + absorption bands, even though no significant changes in peak height were observed when the absorption spectrum of a similar Ho 3 + solution was recorded as a function of temperature over the same range using a Cary 17H spectrometer. This suggests that the photophysics (energy transfer and relaxation rates) of the absorber may be a contributing factor. It should be noted, however, that the only previous test of aqueous solution LPAS enhancement with temperature, which is implicit in NELSON and PATEL'S theory [18] , is ΤΑΜ and PATEL'S study [3] of the optical absorbance of water. TAM and PATEL measured the influence of temperature on the observed LPAS signal at 16,400 cm -1 and found fairly good agreement with Eqn. 1. This is somewhat surprising since their transducer was evidently in good thermal contact with their sample and they do not report correcting for the influence of temperature on their transducer.
The concentration of Am 3+ in 1.00M Na 2 CO3 was varied to establish the LPAS detection sensitivity of our apparatus at 90°C. The LPAS spectrum of 1.2 χ Η) -7 M Am 3+ in LOOM Na 2 C0 3 in the 495-nm to 525-nm region (not shown) was measured at 90°C using 3-mJ per laser pulse and averaging 300 laser pulses. As for the spectra in Figure 1 , the observed PZT signal from a sample of 1.2 χ 10" 7 M Am 3+ in LOOM Na 2 C0 3 solution was normalized to unit incident laser energy and a similarly normalized LPAS signal from a sample of the LOOM Na 2 CO3 stock solution at 90°C was subtracted from it. In the resulting LPAS spectrum, dividing the Am 3 + absorption peak at 507.6 nm by the standard deviation of the baseline noise at 496 nm results in a calculated detection limit (S/N= 1) of 6x 10" 9 M Am 3+ . Using HOBART et al.'s value [16] for the molar absorbance of Am 3+ in carbonate media, this corresponds to a detection limit of 1.4χ IO" 6 absorbance units (base 10 logarithm) per cm of optical pathlength through the sample at 90°C. The spectral subtraction procedure corrects for the optical absorbance of water itself and absorbing trace level impurities, if any, in the analytical reagent grade sodium carbonate used to prepare the 1.00M Na 2 C0 3 stock solution. The detection limit cited above corresponds to supression of the effect of the optical absorbance of water (1 χ 10~4 to 1.5 χ 10~4 absorbance units per cm in this wavelength region [3] ) by a factor of 100. Sample temperature fluctuations (circa +/-0.5°C) and resulting changes in peak photoacoustic signal per unit absorbed laser energy (see Equation 1) are a major source of noise in the LPAS spectrum of 1.2x 10" 7 M Am 3+ in 1.00M Na 2 C0 3 at 90°C. LPAS studies of Am 3+ above ambient temperature are continuing to be pursued using solutions that more nearly approximate the groundwater conditions near a nuclear waste repository sited in basalt rock (i. e., lower carbonate concentrations and in SBGW).
Laser-induced fluorescence studies of Cm 3+ in synthetic basalt groundwater
Laser-induced fluorescence is a powerful method of detecting luminescent species and, as such, complements LPAS that, in general, will underestimate the concentration of luminescent species. LIF studies of the transuranium elements Am [22] , Cm [ 11 ] , Bk [ 14] , and Es [ 15] in solution as aquo 3+ ions have been reported. Of these species, the highest LIF sensitivity is expected for Cm 3+ . YUSOV and co-workers have reported a Cm 3+ detection limit of 10" 10 M for Cm 3 + extracted into an organic phase which enhances Cm 3+ fluorescence [23] . BEITZ and HESSLER [11] estimated that as little as 3 χ ΙΟ" 13 M of Cm 3+ should be detectable in aqueous solution via LIF using the A to Ζ transition of Cm 3 + and time-correlated single photon counting. Using 10-mW average laser power and a lesssensitive analog detection method, we now have measured a detection limit (S/N= 1) of 1.8 χ 10" 11 M for Cm 3+ in 0.10M HC10 4 and 8.5 parts per trillion (weight basis) for Cm 3+ in SBGW.
The fluorescence excitation spectra of Cm 3 + shown in Figure 2 were acquired using a maximum dye laser energy of 0.75-mJ per pulse. The effective wavelength resolution is 0.116 nm, and there were 170 laser pulses per resolution element. For comparison, the two excitation spectra were scaled such that their peak heights were equal and their baselines at 403 nm were equal. It is evident that Cm 3+ in SBGW absorbs in a band that is shifted to a longer wavelength and is broader than that of aquo Cm 3 + .
The molar absorbance at the peak of the F band of aquo Cm 3+ is 55.2 M" 1 cm" 1 [24] . There are no previous reports of the absorption spectrum of Cm 3 + in nearneutral pH aqueous solution. The excitation spectrum of Cm 3 + in SBGW shown in Figure 2 provides evidence that most of the Cm 3+ is no longer present as the aquo ion. hydrolysis products at pH 7.5 reported by KIM et al. [25] in which Am(OH) 2 Measurements of the fluorescence decay rate of the A state of Cm 3+ were carried out via excitation of its F state [24] , Laser excitation at 397. The fluorescence emission spectrum (not shown) of each of the two Cm 3+ solutions was recorded in the 560-nm to 640-nm region (Cm 3 + A state emission) at low resolution using the CVF system because of the comparatively low fluorescence light levels. The only difference in the emission spectra was that the band from aquo Cm 3+ in 0.10 M HC10 4 peaked at 593 nm and that from Cm 3+ in SBGW peaked at 596-nm. The observed FWHM of the Cm 3 + emission peak in both cases was 15-nm which is only a little larger than the measured 12-nm FWHM resolution of the circular'variable filter. This indicates that the true width of the Cm 3 + emission band in either solution is less than 12-nm, in good agreement with BEITZ and HESSLER'S earlier report [11] that aquo Cm 3+ A state emission resulting from G state excitation peaked at 593-nm in a 8-nm FWHM band. There are no previous reports of the emission spectrum of Cm 3+ in near-neutral pH aqueous solution against which to compare our observations. The Cm 3+ detection limit (S/N = 1) of our present LIF apparatus using 2048 1-mJ laser pulses is obtained from the fluorescence decay data shown in Figure 3 . The signal-to-noise ratio for that data was calculated by integrating the fluorescence signal during its decay to 0.5 of its initial value and dividing by the RMS baseline noise integrated over the same number of microseconds. 
Assessment of the applicability of LP AS and LIF techniques to speciation of trace levels of complexed transuranic ions in basalt groundwater
By combining LPAS and LIF techniques, the best possible sensitivities can be obtained in speciating actinides in synthetic basalt groundwater such as GR-4. It is of significance that LPAS signal amplitude has been shown to increase with increasing sample temperature since temperatures from 50°C to in excess of 150°C are expected in basalt repositories. Much experimental work remains to be carried out, however, before a full library of reference optical absorbance spectra is available to facilitate accurate and complete speciation of transuranic ions in groundwater. Accurate assessment of likely LPAS detection limits is hampered by the lack of any reference spectra for most of the actinide complexes that potentially may occur in basalt groundwater. Only at high carbonate concentration is there an appreciable body of spectral information (see work cited by NEWTON and SULLIVAN [10] ). There are, in general, several possible mononuclear complexes (i.e. metal-anion ratios of 1 : 1, 1: 2, 1 : 3 etc.) for actinides in solution with carbonate, fluoride, hydroxide, and sulfate ions. Since basalt groundwater is a mixture of these complexing anions, there may also be at least some mixed anion complexes such as Am (OH) F 1 + or Pu(0H)C03 + . Particularly in the case of 4+ metal ions, there is considerable potential for polymer formation if an appreciable local concentration of the metal ion occurs during dissolution of the waste form.
Based on an LPAS sensitivity of 1.4χ IO" 6 absorbance units per cm using 300 laser pulses, each of 3-mJ energy, we expect the following detection limits (S/N = 1) to be reached: 6x 10 _9 MAm 3 + ,lx 10" 8 MPu 4 + ,4x 10" 8 M PuOj + , and 2 χ IO" 8 M PuO! + for the actinide as the carbonato species present in reported spectra [16, 27] taken at high carbonate concentration. If, as we anticipate, full dye laser energy can be used without saturating the normalized LPAS response from Pu oxidation states, then detection limits of 3 χ 10" 10 M Pu 4 + , 1.2 x 10" 9 M PuÛ2 + and 6 χ IO" 10 M PuO! + may be achieved using 2048 laser pulses. These projected Pu detection limits require suppression of the optical absorbance of the sol-vent by a factor of 3000 and rely on use of sharp 5f-5f Pu absorption bands in the blue-green spectral region. Determination of the transuranic species actually present in a groundwater solution, i.e. speciation, will require at least 10 to 20 times higher metal ion concentrations.
Suppression of the effect of the optical absorbance of water by a factor of 3000 is within the capabilities of our LPAS electronics system which was designed to provide highly stable amplification and bandpass filtering and digitizes the PZT signal with one part in 8192 resolution. Achieving this degree of background signal suppression will require better sample temperature control (+/-0.02 °C stability at 90°C required based on Equation 1) and may necessitate thermostating the PZT element. Three additional factors have been identified which might prevent achieving this degree of solvent background absorption suppression. The first is the temperature dependence of the optical absorbance of water itself. If the absorbance change is greater than 1 % per degree C, then further improvements in sample temperature stability will be required. The second potentially limiting factor is nonlinearity in the response of the PZT element. The nonlinearity of the PZT element must be less than one part in 3000 which seems likely to achievable via special selection. The third is drift in dye laser beam characteristics such as cross-sectional intensity pattern or beam path through space. If such drifts prove to be the limiting factor, they can be minimized by operating at constant pump laser energy, thermostating the circulating dye solution and improving the temperature stability of the laboratory.
The work we report here has demonstrated an LIF detection limit of 8.5 ppt for Cm 3+ in a synthetic basalt groundwater using our present apparatus. Using a picosecond excitation source, a cooled, gated photomultiplier, and photon-counting techniques, it is likely that as little as 0.08 ppt Cm 3+ can be detected using LIF. Detection of as little as 1 χ IO" 10 M Am 3+ should also be possible under such conditions in synthetic groundwater solutions at ambient temperatures. Once again, metal ion concentrations at least 10 to 20 times above the detection limit will be needed to carry out speciation. Little is known about the temperature dependence of the nonradiative decay rates of the fluorescing states of Am 3+ or Cm 3+ , but some loss in detection sensitivity is likely to occur at elevated temperatures. Given what is known about the energy level structure of Pu oxidation states [8, 9] , LIF probably will not prove to be a high sensitivity detection method for Pu.
Conclusions
High LPAS sensitivity for transuranic ion speciation in solution has been demonstrated for the first time at temperatures significantly above ambient. 
